Background: Severe malarial anaemia (SMA) is a leading cause of childhood mortality in holoendemic Plasmodium falciparum regions. Methods: To gain an improved understanding of SMA pathogenesis, whole genome and transcriptome profiling was performed in Kenyan children (n = 144, 3-36 months) with discrete non-SMA and SMA phenotypes. Leukocyte associated immunoglobulin like receptor 1 (LAIR1) emerged as a predictor of susceptibility to SMA (P b 1 × 10 −2 , OR: 0.44-1.37), and was suppressed in severe disease (−1.69-fold, P = 0.004). To extend these findings, the relationship between LAIR1 polymorphisms [rs6509867 (16231CNA); rs2287827 (18835GNA)] and clinical outcomes were investigated in individuals (n = 1512, b5 years) at enrolment and during a 36-month longitudinal follow-up. Findings: Inheritance of the 16,231 recessive genotype (AA) increased susceptibility to SMA at enrolment (OR = 1.903, 95%CI: 1.252-2.891, P = 0.003), and longitudinally (RR = 1.527, 95%CI: 1.119-2.083, P = 0.008). Carriage of the 18,835 GA genotype protected against SMA cross-sectionally (OR = 0.672, 95%CI: 0.480-0.9439, P = 0.020). Haplotype carriage (C16231A/G18835A) also altered cross-sectional susceptibility to SMA: CG (OR = 0.717, 95%CI: 0.527-0.9675, P = 0.034), CA (OR = 0.745, 95%CI: 0.536-1.036, P = 0.080), and AG (OR = 1.641, 95%CI: 1.160-2.321, P = 0.005). Longitudinally, CA carriage was protective against SMA (RR = 0.715, 95%CI: 0.554-0.923, P = 0.010), while AG carriage had an additive effect on enhanced SMA risk (RR = 1.283, 95%CI: 1.057-1.557, P = 0.011). Variants that protected against SMA had elevated LAIR1 transcripts, while those with enhanced risk had lower expression (P b 0.05). Inheritance of 18,835 GA reduced all-cause mortality by 44.8% (HR = 0.552, 95%CI: 0.329-0.925, P = 0.024), while AG haplotype carriage increased susceptibility by 68% (HR = 1.680, 95%CI: 1.020-2.770, P = 0.040). Interpretation: These findings suggest LAIR1 is important for modulating susceptibility to SMA and all-cause childhood mortality.
Introduction
Plasmodium falciparum malaria remains a significant public health problem, as illustrated by an increased incidence of clinical cases from 211 to 216 million between 2015 and 2016 [1] . The burden of malaria is predominantly in sub-Saharan Africa, which accounts for 90% of the global morbidity and 91% of the mortality, with the majority of the deaths occurring in children under 5 years (285,000, 64% of the global malaria deaths) [1] . Due to lack of acquired malarial immunity, children under 5 years in holoendemic transmission regions are susceptible to developing severe malaria [1] . Severe manifestations vary in presentation according to transmission intensity and include cerebral malaria, metabolic acidosis, respiratory distress and severe malarial anaemia (SMA) defined by haemoglobin (Hb) b5.0 g/dL [1] . In developing countries, SMA is a leading cause of illness and death in paediatric populations residing in holoendemic transmission regions such as Siaya County, western Kenya, which has been the focus of our scientific investigations over the last 18 years [2] [3] [4] .
We have previously shown that polymorphic variation in host immune response genes are associated with altered susceptibility to SMA in Kenyan children [5] [6] [7] [8] [9] . Identification of genetic markers that underlie different malaria clinical phenotypes can reveal host genetic pathways and networks that influence the development of SMA, and thereby discover novel therapeutic targets.
To identify gene networks that influence susceptibility to SMA, we performed a pilot study using high-throughput genotyping and whole transcriptome profiling in a subset of parasitemic children with polarized clinical phenotypes from western Kenya (n = 144, aged, 3--36 months). To identify robust signals that could be validated in the entire cohort of children, the exploratory studies included malariainfected children with high and low Hb concentrations: uncomplicated malaria (Hb = 8.0-10.9 g/dL) and SMA (Hb b 5.0 g/dL), respectively. Leukocyte associated immunoglobulin like receptor 1 (LAIR1, CD305) emerged as a gene strongly associated with SMA.
LAIR1 is an inhibitory transmembrane receptor expressed by peripheral blood mononuclear cells (PBMCs) which maps to a region of chromosome 19q13.4 known as the leukocyte receptor complex (LRC) [10] [11] [12] [13] [14] . The LRC comprises a large cluster of cell surface receptors, some of which influence susceptibility to malaria e.g., Killer immunoglobulin like receptors (KIR) [15] . Leukocyte signalling through LAIR1 is an important mechanism required for regulation of inflammatory mediator production and leukocyte cytotoxicity [16] .
Previous investigations showed that reduced production of LAIR1 was associated with increased susceptibility to systemic lupus erythematous (SLE) and chronic lymphocytic leukaemia (CLL) [17] [18] [19] [20] . To date, there only appears to be one published manuscript describing the impact of LAIR1 genetic variants on disease outcomes [20] . In that study, single nucleotide polymorphisms (SNPs, i.e., rs56802430 and rs11084332) altered the risk of developing pemphigus in a Brazilian population.
Recent studies highlight the potentially important role of LAIR1 in human malaria. For example, antibodies from individuals residing in malaria endemic regions can acquire broad reactivity through a novel mechanism in which insertion of a DNA fragment between the V and DJ segments encodes the entire collagen-binding domain of LAIR1 [21, 22] . Although the insert is necessary for binding to specific RIFINs, LAIR1-containing antibodies do not appear to enhance protection against febrile malaria [21, 22] . Given the potential clinical significance of LAIR1, the current study examined the relationship between LAIR1 variants and susceptibility to malaria and SMA (upon enrolment and over 36 mos. of longitudinal follow-up). In addition, we determined the association between LAIR1 variants and all-cause mortality throughout the 36 mos. Period.
Materials and methods

Study site and participants
Study participants (n = 1512) were enrolled at the Siaya County Referral Hospital (SCRH), Siaya County, western Kenya. Enrolment for the study participants began 4/2004 and completion of all follow-up visits ended on 9/2015. Siaya is a holoendemic P. falciparum transmission region largely inhabited by the Luo ethnic tribe (N96%), thus providing a homogeneous population for genetic-based studies. Written informed consent in the language of choice (English, Kiswahili, or Dhuoluo) was obtained from the parent/guardian of each child participating in the study. A questionnaire was used to collect demographic and clinical information. Children were excluded from the study if they tested positive for non-P. falciparum species, were previously hospitalized, or were diagnosed with cerebral malaria. The aparasitemic group comprised children with a P. falciparum negative blood smear who presented for childhood vaccinations, and those who presented at hospital for nonmalarial diseases. Children with any density P. falciparum malaria were stratified into SMA (Hb b 5.0 g/dL) and non-SMA (Hb ≥ 5.0 g/dL) based on haemoglobin concentrations. The cross-sectional and longitudinal analyses used these clinical definitions. All children were tested for HIV-1 and bacteraemia since these co-infections have been shown to influence malarial anaemia severity [23, 24] . Pre-and post-test HIV counselling was provided to the parents/guardians of the study participants. The study was approved by the Scientific Ethics and Research Committee of the Kenya Medical Research Institute (KEMRI), Maseno University Ethics Research Committee (MUERC), and the University of New Mexico Institutional Review Board. Patients were treated according to the Ministry of Health (MOH)-Kenya guidelines.
Laboratory procedures
Venous blood samples (≤3.0 mL) were collected in EDTA-containing vacutainer tubes, prior to treatment. Trophozoite counts in peripheral blood smears and the reticulocyte production index (RPI) were determined according to our previous methods [25] . Complete haematological parameters were determined using a Beckman Coulter® AcT diff2™ (Beckman-Coulter Corporation). Screening for α-thalassaemia
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Evidence before this study Leukocyte associated immunoglobulin like receptor 1 (LAIR1) encodes for a transmembrane inhibitory receptor expressed by peripheral blood mononuclear cells (PBMCs), and is required for regulation of gene pathways involved in leukocyte inflammatory mediator production and cytotoxicity. While a considerable number of the gene pathways subject to LAIR1 regulation could be important in the pathogenesis of paediatric severe malarial anaemia (SMA), the impact of LAIR1 genetic variation on susceptibility to SMA remains to be investigated.
Added value of this study
In this study, we determined the role of LAIR1 polymorphisms and altered expression profiles in modulating susceptibility to SMA in Kenyan children. Two novel LAIR1 SNPs, and their haplotypic constructs, altered susceptibility to SMA at enrolment and longitudinally over a 36-month follow-up period. Carriage of one of the haplotypes that enhanced susceptibility to SMA was also associated with all-cause mortality. Genetic variants associated with increased risk of SMA had reduced LAIR1 transcript expression, while those linked with protection against severe disease had elevated enhanced transcript levels.
Implications of all the available evidence
Since our findings demonstrate that LAIR1 influences susceptibility to severe malaria and all-cause mortality during the critical phases of naturally-acquired immunity, LAIR1 appears to be an important novel gene involved in conditioning the pathogenesis of severe malaria.
deletional determinant (−α 3.7 ) was performed through nested PCR as previously described [26] . Presence of sickle-cell trait (HbAS) was determined by cellulose acetate electrophoresis per the manufacturer's conditions (Helena Bio-Sciences, Oxford, United Kingdom). Glucose-6-phosphate dehydrogenase (G6PD) deficiency was determined using TaqMan® polymerase chain reaction (PCR) assays as previously published [27] . HIV-1 exposure was determined by serological testing, while HIV infection was assessed by HIV-1 proviral DNA PCR testing according to our published methods [23] . Bacteraemia diagnosis was determined using API biochemical galleries (bioMérieux, Louvres, France) as previously described [24] .
High-throughput genotyping and whole transcriptome profiling
Genomic DNA was extracted from buccal swabs, using the MasterAmp™ Buccal swab DNA extraction kit (Epicentre Biotechnologies, Madison, WI). Individuals (n = 144, aged 3-36 mos.) were selected from a parasitemic cohort (n = 1220), excluding those with HIV-1 (exposed and +ve), bacteraemia, α-thalassaemia (double deletion), HbSS, and G6PD deficiency since these factors can affect Hb levels. Children were stratified into 'polarized extremes' of non-SMA [(Hb = 8.0-10.9 g/dL; avg. Hb = 9.8), n = 74] and SMA; [(Hb b 5.0 g/dL; avg. Hb = 4.1), n = 70]. To identify SNPs associated with SMA, we performed a genome-wide association study (GWAS) using the Illumina® Infinium® HD Super Assay in conjunction with Illumina's® Human Omni2.5-8v1 BeadChip (with N2.45 M markers), and high-throughput genotyping with the Human Immunochip (coated with N196 K markers, Illumina®, CA, USA). GWAS and Immunochip® data were analysed using logistic regression analysis with an additive mode of inheritance.
Similarly, for global transcriptome profiling, samples were selected to represent "polarized extremes" of clinical phenotypes as indicated above; non-SMA [(Hb, 8.0-10.9 g/dL; avg. Hb = 9.4 g/dL), n = 35] and SMA [(Hb b 5.0 g/dL; avg. Hb = 3.6 g/dL), n = 13], excluding children with co-infections and haemoglobinopathies (as listed above). Global gene expression profiling was performed using the Illumina® HumanHT-12 v4 beadchip (Illumina®, CA, USA) covering N19,185 transcripts on the Illumina® "iScanSQ" platform. Illumina GenomeStudio® software was used to subtract the background signal from the transcript signal, which generated a list of differentially expressed transcripts and were further analysed using SNP & Variation Suite 8.8.3 Software (Golden Helix, USA). Whole transcriptome expression data were used to identify transcripts that were differentially expressed (P b 0.01) with fold-change expression differences ≥1.5.
LAIR1 genotyping
Genomic DNA was amplified using GenomiPhi™ (GE Healthcare Life Sciences, Amersham, UK). LAIR1 (16231CNA, rs6509867 and 18835GNA, rs2287827) genotyping was carried out using TaqMan 5′ allelic discrimination Assay-By-Design method according to the manufacturer's instructions; [Assay ID: C_33962823_10 for (16231CNA), C_7798687_10 for (18835G N A); Applied Biosystems, Inc.]. PCR was performed in a total reaction volume of 10 μL with the following amplification cycles: initial denaturation (60°C for 30s and 95°C for 10 min) followed by 40 cycles of (95°C for 15 s and 60°C for 1 min) and a final extension (60°C for 30 s). Thereafter, the genotype of each individual was determined using allele-specific fluorescence on the StepOnePlus™ RealTime PCR Systems (Applied Biosystems, Inc. Foster City, CA, USA).
StepOne™ Software Version 2.3 was used for allelic discrimination (Applied Biosystems, Inc. Foster City, CA, USA).
LAIR1 transcript expression profiling
RNA was isolated from peripheral white blood cells obtained from children with malaria using a combination of Trizol-based and RNEasy® mini kit (Qiagen) techniques. RNA from in vitro PBMC cultures was extracted using the RNEasy® mini kit according to the manufacturer's instructions. From 1.0 μg of total RNA, complementary DNA (cDNA) was prepared with the transcriptor first strand cDNA synthesis kit (Roche). For measurement of LAIR1 expression levels, 0.5 μg of resulting cDNA was used for gene-specific TaqMan® qPCR assays [Assay ID: Hs00253790_m1; Applied Biosystems, Inc. Foster City, CA, USA]. The constitutively expressed housekeeping gene β-actin was used as an endogenous control [Assay ID: Hs01060665_g1; Applied Biosystems, Inc. Foster City, CA, USA], to normalize the target gene expression data in a quantitative gene expression assay on the StepOnePlus™ Real-Time PCR System (Applied Biosystems, Inc. Foster City, CA, USA). LAIR1 Ct values were normalized to β-actin Ct values, and mRNA differences were determined using the delta-delta Ct method.
Longitudinal follow-up
Upon enrolment of the children into the study (n = 1512, Day 0), parents/guardians were asked to return with their child every 3 mos. throughout a 3-year follow-up period. If the parent/guardian had not returned to hospital by 1:00 pm on the day of the quarterly follow-up visit, our study staff visited the child's residence to check on their health status, including mortality. Since we determined the exact location of each child's residence with our GIS/GPS surveillance system, we could readily locate each child. In addition, since children experience multiple episodes of malaria, and other paediatric infectious diseases in this region, parents/guardians were asked to return to the hospital during their child's febrile episode(s). All laboratory tests required for proper clinical management of the patients were performed at each acute and quarterly visit, including complete haematological indices, malaria parasitaemia measures, and evaluation of bacteraemia (if clinically indicated). In addition, all-cause mortality data were collected throughout the 3-year follow-up. Mortality data, clinical, and laboratory measures were used to evaluate the association between LAIR1 genetic variants and longitudinal outcomes of SMA and mortality.
Statistical analyses
Cross-sectional (enrolment) data were analysed using SPSS, version 20.0 (SPSS Inc., Chicago, IL). Comparisons of demographic, clinical, and laboratory characteristics, and gene expression data across the groups were explored using the Kruskal-Wallis tests. When significant differences were observed, pairwise comparisons were performed using the Mann-Whitney U tests. Pearson's Chi Square (χ 2 ) and Fisher's exact test were used for comparisons of proportions. Correlations between LAIR1 transcript levels and Hb concentrations were determined using Spearman correlation test. Linkage disequilibrium between the 16231CNA and 18835GNA SNPs was determined using Haploview software (version 4.2) [28] . The relationship between LAIR1 genotypes/haplotypes and susceptibility to malaria and SMA upon enrolment were analysed by performing a logistic regression to predict disease state (malaria or not and SMA or non-SMA) from LAIR1 genotypes/haplotypes, controlling for the effects of age, sex, HIV-1 and bacteraemia (presence/absence), sickle cell trait, and α-thalassaemia and G6PD status. Construction of haplotypes was performed using HPlus (Version 2.5) [29] .
The association between LAIR1 genotypes/haplotypes and longitudinal clinical outcomes were analysed using R (version 3.1.3). Clinical outcome definitions of malaria and SMA in the longitudinal analyses were prospective and were independent of the enrolment definition. Bidirectional elimination stepwise loglinear regression (R glm function, family = Poisson) was used to investigate the relationship between LAIR1 genotypic/haplotypic variants and the number of malaria (and SMA) episodes over the 36 mo. follow-up period. Additional covariates (i.e., age at enrolment, sex, HIV-1 and bacteraemia (presence/absence), sickle cell trait, and α-thalassaemia and G6PD status) were entered into the model as potential confounding risk factors. For the loglinear models, we accounted for the varying length of observation, by treating the logarithm of the length of the observational window as an offset. Finally, the relationship between LAIR1 genotypic/haplotypic variants and allcause mortality was investigated using Cox regression/survival analysis (R survival package [v. 2.38.2] coxph function). Covariates in the model included age at enrolment, sex, HIV-1, bacteraemia, and sickle cell, α-thalassaemia, and G6PD status. In all our statistical analysis, we provide both the standard error of the estimate and its P-value. Statistical significance was set at P ≤ 0.050. Bonferroni correction was used to adjust for multiple comparisons.
Results
Demographic, clinical, and laboratory characteristics upon enrolment
Study participants (n = 1512) were stratified into three categories; aparasitemic (n = 292), non-SMA (Hb ≥ 5.0 g/dL, n = 986) and SMA (Hb b 5.0 g/dL, n = 234). The demographic, clinical, and laboratory characteristics of the study participants are presented in Table 1 . The distribution of males and females was comparable across the groups (P = 0.834). Age differed across the groups (P = 0.002) with the SMA group being the youngest (P b 0.001).
There was a progressive decline in Hb concentrations, hematocrit, and RBC counts across the clinical categories [aparasitaemic → non-SMA → SMA (P b 0.001, respectively)]. The WBC, lymphocyte, and monocyte counts were elevated in children with SMA (P b 0.001 for all). Granulocyte counts progressively increased across the groups (P b 0.001), while platelet counts progressively decreased (P = 0.003), and were lowest in children with SMA. Peripheral parasite density was lower in children with SMA compared to the non-SMA group (P = 0.004).
Carriage of genetic variants that can influence clinical outcomes in children with malaria were also characterized. The frequency of G6PD deficiency was comparable across the clinical groups (P = 0.589), while the α-thalassaemia double deletion (−α 3.7 /−α 3.7 ) decreased across the groups (P = 0.031). The frequency of HbAS declined across the groups and was lowest in children with SMA (P b 0.001).
Since we have previously shown that bacteraemia and HIV-1 influence the development of SMA [23, 24] , the status/presence of these coinfections were determined in the study population. The frequency of bacteraemia was comparable across the three groups (P = 0.489). HIV-1 frequency differed across the groups (P = 0.039) and was the highest in children with SMA (P = 0.017). Taken together, the demographic, clinical, and laboratory findings support our previous studies showing that children with SMA have distinct clinical features [24, 30] .
Global genomic and transcriptome profiling
There were a total of 36 SNPs from Human Omni2.5-8v1 BeadChip® and 43 SNPs from the Immunochip® that were located in intra-and intergenic loci of LAIR1. Of those, seven SNPs were significantly associated with susceptibility to SMA (P b 0.01, OR: 0.43-1.37). Since SMA is a polygenic disease, we were interested in significant SNPs with minor allele frequencies (MAF)N10% in Kenyan populations, Luhya (LWK) and Maasai (MKK), from the International HapMap Project. If unavailable for the Kenyan populations, the MAF was determined in populations classified as African (AFR) by the 1000 genomes project. Of the seven significant SNPs, only three had a MAFN10%: -20907ANG (rs11084333), 16231CNA (rs6509867), and 18835GNA (rs2287827). Transcription factor binding analyses (i.e., Alggen-Promo, v3.0.2) revealed that the promoter SNP (−20907ANG) did not impart any (potential) functional changes in the binding site. As such, we investigated 16231CNA located in the 3'-UTR (in the last exon, 12) and 18835GNA located in an intergenic region between LAIR1 and LILRA4 (1902 bp downstream of exon 12 in LAIR1 and 12,553 bp upstream of exon 1 in LILRA4). Both of these genes are in the LRC. The MAF for the 16231CNA variant was 40% in AFR populations, while the 18835GNA variant was 46% in the LWK and 34% in the MKK reference populations, respectively. The structure of the LAIR1 gene is shown in (Fig. 1B) .
Whole transcriptome expression profiling analysis showed that LAIR1 transcripts were down-regulated in children with SMA relative to the non-SMA group (−1.69 fold-change, P = 0.004, Fig. 2A ). In addition, LAIR1 transcript levels were positively correlated with Hb concentrations (ρ = 0.561, P b 0.0001, Fig. 2B ). Validation of transcript expression was performed by qRT-PCR using RNA isolates from 122 study participants; non-SMA = 71 and SMA = 51. Consistent with whole transcriptome findings, LAIR1 transcripts were down-regulated in children with SMA relative to non-SMA (−1.50 fold, P b 0.002, Fig. 2C ) with a positive relationship between LAIR1 transcript Study participants (n = 1512) were stratified into three groups, aparasitemic, SMA (i.e., Hb b 5.0 g/dL with any density parasitaemia) or non-SMA (Hb ≥ 5.0 g/dL with any density parasitaemia). Data presented are medians (interquartile range, IQR), unless otherwise stated. a Statistical significance determined by the chi-square analysis. b Differences were determined using Kruskal-Wallis tests, and where significant differences were observed, pairwise comparisons between the non-SMA and SMA groups were performed using Mann-Whitney U tests. c Exclusion of the aparasitemic group, differences between the non-SMA and SMA groups determined using Mann-Whitney U tests. Bold indicates P ≤ 0.050. *Represents significant pairwise comparisons between the non-SMA and SMA groups at P b 0.050, **represents P b 0.01, and ***represents P b 0.001. G6PD is presented as absence/presence of G6PD alleles (G202A and A376G), α-thalassaemia is presented as absence/presence of the deletional determinant (−α 3.7 /−α 3.7
), and sickle cell trait is presented as the three genotypes. In some samples, we were not able to determine G6PD (n = 120), α-thalassaemia (n = 193), and sickle cell trait (n = 16).
expression and Hb levels (ρ = 0.276, P = 0.002, Fig. 2D ). Thus, there were significant markers (SNPs) in LAIR1 that were associated with susceptibility to SMA, and differential expression in LAIR1 between the two groups.
Distribution of LAIR1 genotypes and haplotypes
The distribution of the LAIR1 genotypes (16231CNA and 18835GNA) and haplotypes (16231CNA/18835GNA) is shown in Table 2 . The proportion of 16231CNA genotypes differed between the groups (P = 0.037) with the AA (mutant) genotype carried more frequently in children with SMA, suggesting that it potentially enhances susceptibility to SMA. Allele frequencies were C = 0.64 and A = 0.36 in the overall population, C = 0.66 and A = 0.34 in the aparasitemic group, C = 0.65 and A = 0.35 in non-SMA group, and C = 0.58 and A = 0.42 in children with SMA. There was departure from Hardy-Weinberg Equilibrium (HWE) in the overall population (χ 2 = 4.63, P = 0.031). However, departure from HWE was not observed within each of the groups: aparasitemic (χ 2 =
1.80, P = 0.179), non-SMA (χ 2 = 0.82, P = 0.364), and SMA (χ 2 = 3.518, P = 0.074). The frequency of 18835GNA genotypes differed between the groups (P = 0.007) and remained significant after testing for multiple comparisons. The lower prevalence of the heterozygous (GA) genotype in the SMA group suggests a potential protective effect against severe malaria. Next, we compared the frequency distributions of the constructed haplotypes (carriers vs. non-carriers) for the two SNPs (16231CNA/ 18835GNA, Table 2 ). Significant differences were observed between absence and presence (1 and 2 copies) of the CA (P = 0.047) and AG (P b 0.001) haplotypes, but not for the CG (P = 0.157) and AA (P = 0.553) haplotypes. After Bonferroni correction, only the AG haplotypes remained significantly different.
Impact of LAIR1 genetic variants on susceptibility to malaria upon enrolment
Binomial logistic regression was performed to determine the impact of LAIR1 genotypes on susceptibility to malaria upon enrolment. There were no significant associations between the genotypes and susceptibility to malaria (Fig. 3A) .
To determine the multi-loci impact of the SNPs on susceptibility to malaria, we performed binomial logistic regression using noncarriage (0 copies) vs. carriage (1 or 2 copies) of the haplotypes as the predictor variable (Fig. 3B) . None of the haplotypes influenced susceptibility to malaria. Susceptibility to malaria was also investigated in individuals stratified into 0, 1, and 2 copies of the haplotypes to determine if there was an additive impact of haplotypic carriage (Fig. 3C) . None of the haplotypes demonstrated an additive effect on susceptibility to malaria.
Impact of LAIR1 variants on susceptibility to SMA upon enrolment
To determine the cross-sectional impact of LAIR1 genotypes on susceptibility to SMA, a (binomial) logistic regression was performed to predict the impact of LAIR1 variants on SMA status at recruitment (Fig. 4A) . Inheritance of the 16,231 homozygous recessive genotype (AA) increased susceptibility to SMA (CC vs. AA, OR = 1.903, 95%CI: 1.252-2.891, P = 0.003). The relationship between the AA locus and susceptibility to SMA remained significant after testing for multiple comparisons. In addition, the genotypic model revealed that carriage of the 18,835 heterozygous genotype (GA) conferred protection against SMA (GG vs. GA, OR = 0.672, 95%CI: 0.480-0.9439, P = 0.020). None of the other genotypes for either the 16,231 or 18,835 genotypes were significantly associated with susceptibility to SMA.
The impact of the haplotypes [absence (0 copies) vs. presence (1 or 2 copies)] was also explored with a binomial logistic regression to predict SMA status at recruitment (Fig. 4B ). There was a 28.3% reduction in the risk of SMA for carriers of the CG haplotype (OR = 0.717, 95%CI: 0.527-0.9675, P = 0.034), and a 25.0% reduced risk in carriers of the CA haplotype (OR = 0.745, 95%CI: 0.536-1.036, P = 0.080). In contrast, carriers of the AG haplotype were 64.1% more likely to develop SMA (OR = 1.641, 95%CI: 1.160-2.321, P = 0.005 and significant after testing for multiple comparisons). Non-carriage vs. carriage of the AA haplotype did not influence susceptibility to SMA.
The additive effect of the haplotypes (0, 1, or 2 copies) on susceptibility to SMA was also investigated in a logistic regression model (Fig. 4C) . Children with 1 copy of the CG haplotype had a 31.1% reduced risk of developing SMA (OR = 0.689, 95%CI: 0.494-0.959, P = 0.027), while carriage of 2 copies of CG did not significantly alter susceptibility to SMA (OR = 0.784, 95%CI: 0.523-1.176, P = 0.239), indicating a nonadditive effect of the CG haplotype. Consistent with the carrier vs. noncarrier model, the additive model showed that 1 copy of the CA haplotype was associated with a reduced risk of developing SMA (OR = 0.720, 95%CI: 0.502-1.032, P = 0.0.074), while 2 copies did not enhance the protective effect (OR = 0.851, 95%CI: 0.454-1.598, P = 0.617). Although 1 copy of AG haplotype did not significantly influence susceptibility to SMA (OR = 1.308, 95%CI: 0.883-1.940, P = 0.181), children with 2 copies of the AG haplotype had increased susceptibility to SMA (OR = 3.713, 95%CI: 1.934-7.127, P b 0.001). This relationship remained significant after Bonferroni correction. Carriage of 1 or 2 copies of the AA haplotypes did not significantly alter the risk of developing SMA. Collectively, the cross-sectional results demonstrate that inheritance of particular LAIR1 genetic variants are associated with altered risk profiles for both malaria and SMA.
Functional associations between LAIR1 variants and gene expression levels upon enrolment
Since LAIR1 variants emerged as important predictors of clinical outcomes, we determined if carriage of the different genotypes/haplotypes were associated with functional changes in LAIR1 transcript levels. LAIR1 median transcript levels differed across the 16231CNA genotypes (P = 0.023, Fig. 5A ). Relative to 16,231 wild-type genotype (CC), carriers of the 'susceptible' 16,231 homozygous recessive genotype (AA) had lower transcript levels (−3.34 fold, P = 0.019). Carriers of the 16,231 AA genotype also had lower transcript levels than the CA group (+3.35 fold, P = 0.008). LAIR1 expression levels also differed across the 18835G N A genotypic groups (P = 0.036). Relative to 18,835 wild-type genotype (GG), children with the 'protective' 18,835 heterozygous genotype (GA) had elevated transcript levels (+2.36 fold, P = 0.042). LAIR1 transcript levels were also higher in GA carriers relative to the homozygous recessive (AA) genotype (+1.47 fold, P = 0.014).
Next, we examined LAIR1 transcript levels in non-carriers (0 copies) vs. carriers (1 or 2 copies, Fig. 5B) . Inheritance of the 'protective' CG haplotype was associated with higher LAIR1 expression (+1.80 fold, P = 0.010). Conversely, carries of the 'susceptible' AG haplotype had marginally lower transcript levels than non-carriers (−1.47 fold, P = 0.084).
Transcript expression of LAIR1 was also compared in haplotypic groups stratified according to 0, 1, or 2 copies of the four haplotypes. LAIR1 transcript levels differed across 0, 1 or 2 copies of the CG haplotypes. (P = 0.002, Fig. 5C ). Carriers of 1 copy of the 'protective' CG haplotype had higher transcript levels compared to non-carriers (+1.85 fold, P = 0.002). The across group and between group comparison remained significant after testing for multiple comparisons. Children with 1 copy of CG haplotype also had higher LAIR1 transcript levels than those with 2 copies of the haplotype (+1.28 fold, P = 0.023). LAIR1 transcript levels did not differ across absence/presence of CA (P = 0.126), AG (P = 0.115), and AA haplotypes (P = 0.387). However, carriers of 2 copies of the 'susceptible' AG haplotype had marginally lower transcript expression than non-carriers (−3.63 fold, P = 0.052). These associations highlight important trends whereby presence of 'protective' LAIR1 genetic markers are associated with elevated transcript levels, while those associated with enhanced susceptibility to SMA have lower transcript expression, suggesting that the selected variants may impart functional changes of LAIR1 expression.
Relationship between LAIR1 variants and frequency of malaria episodes
Since children in holoendemic P. falciparum transmission regions typically suffer from multiple episodes of malaria infections prior to the development of naturally-acquired immunity, we examined the impact of LAIR1 variants on the number of malaria episodes over a 36-month follow-up period (Table 3) . To determine the impact of LAIR1 genotypic and haplotypic carriage on the number of malaria and SMA episodes during the 36-month follow-up, loglinear regression analysis was performed with a model that included genotype as well as age at enrolment, sex, co-infections (HIV-1 and bacteraemia), and sickle cell, α-thalassaemia, and G6PD status as covariates. The logarithm of the length of the observational period for each child was taken as an offset. The analysis reveals that genotypes at the 16231CNA locus are not significant risk factors for the number of malaria episodes during the longitudinal follow-up (n = 7326 events). There were 7293 malaria episodes recorded for children in which the 18,835 locus was genotyped. Carriage of the GA genotype increased the risk of having multiple malaria episodes (RR = 1.111, 95%CI: 1.051-1.173, P b 0.001 and significant after Bonferroni correction).
There were 7381 malaria episodes recorded for the four LAIR1 haplotypes. Carrier children with 1 or 2 copies of all four LAIR1 haplotypes had on average more malaria episodes over the follow-up period than noncarrier children (0 copies): [CG (RR = 1.192, 95%CI: 1.024-1.163, P = 0.007), CA (RR = 1.129, 95%CI: 1.060-1.203, P b 0.001), AG (RR = 1.130, 95%CI: 1.052-1.213, P = 0.001), and AA (RR = 1.083, 95%CI: 1.023-1.145, P = 0.006)]. Significance was maintained for all four haplotypes after testing for multiple comparisons. Loglinear regression analyses were also used to determine if any of the haplotypes had an additive impact on the number of malaria episodes during the follow-up period. There was a marginally significant additive effect for the CG haplotype which reduced the expected number of malaria episodes (RR = 0.969, 95%CI: 0.939-1.001, P = 0.059). None of the other haplotypes showed additive associations. 
Relationship between LAIR1 variants and frequency of SMA episodes
Next, we examined the relationship between LAIR1 genotypes and the development of SMA episodes over the 36-month follow-up period using loglinear regression analyses (Table 3) . Carriers of the 16,231 AA genotype were more likely to develop SMA (RR = 1.527, 95%CI: 1.119-2.083, P = 0.008 and significant after Bonferroni correction). Conversely, a marginal protective effect was associated to the 18,835 AA genotype (RR = 0.774, 95%CI: 0.576-1.040, P = 0.089).
To investigate the impact of LAIR1 haplotypes on predicting the number of SMA events (n = 346 events) a loglinear regression model was used to distinguish between non-carriage (0 copies) vs. carriage (1 or 2 copies) of the haplotypes (Table 3) . Consistent with the analyses performed at enrolment, there was a lower risk of developing SMA across the 36-month follow-up in carriers of the CA haplotype (RR = 0.715, 95%CI: 0.554-0.923, P = 0.010, but not significant after Bonferroni correction). None of the other haplotypes significantly influenced the longitudinal risk of SMA. We also determined if any of the haplotypes had an additive association with susceptibility to SMA throughout the 36-month follow-up. Only the AG haplotype showed a significant additive effect with carriage of the AG haplotype associated with increased susceptibility to SMA (RR = 1.283, 95%CI: 1.057-1.557, P = 0.011).
Relationship between LAIR1 variants and mortality
Since SMA is a significant cause of paediatric mortality in holoendemic malaria transmission regions [4, 31] , Cox regression survival analysis was used to determine the impact of LAIR1 variants on all-cause mortality ( Table 3) . Inheritance of the 18,835 GA genotype was associated with 44.8% reduced risk of all-cause mortality (RR = 0.552, 95%CI: 0.329-0.925, P = 0.024). However, after correction for multiple comparisons, the relationship was not significant. None of the other genotypes emerged as significant predictors of mortality.
The impact of LAIR1 haplotypes on mortality were also explored with Cox regression models with identical covariates (Table 3) . Consistent with the increased risk of malaria, and enhanced risk of SMA in an additive model, presence of 1 or 2 copies of the AG haplotype was associated with a 68% increase in the risk of childhood mortality (RR = Fig. 5 . LAIR1 transcript levels stratified according to genotypes/haplotypes upon enrolment. Data are presented as box-plots (fold-change) where the box represents the interquartile range, the line through the box is the median, and whiskers show the 10th and 90th percentiles. Kruskal-Wallis tests were used to compare transcript levels across the clinical groups, and Mann-Whitney U tests were used to compare two groups. (a) LAIR1 transcript levels were stratified according to genotypes. At 16231, LAIR1 transcript levels differed across the genotypes. Compared to both the CC and CA genotypes, carriers of the AA genotype had lower transcriptional expression. At 18835, LAIR1 transcript levels differed across the genotypes with GA carriers having the highest transcript levels. (b) LAIR1 transcript levels stratified into non-carriers (0 copies) vs. carriers (1 or 2 copies) of the haplotypes. Inheritance of the 'protective' CG haplotype was associated with higher LAIR1 expression. Conversely, carriers of the 'susceptible' AG haplotype had marginally lower transcript levels than non-carriers. (c) LAIR1 transcript levels stratified into 0, 1, or 2 copies of the haplotypes. Carriers of 1 copy of the 'protective' CG haplotype had elevated transcript levels relative to non-carriers and carriers of 2 copies. Inheritance of 2 copies of the 'susceptible' AG haplotype was associated with marginally lower transcript levels than non-carriers and carriers of 1 copy of the haplotype.
1.680, 95%CI: 1.020-2.770, P = 0.040). After Bonferroni correction, the impact of the AG haplotype on mortality was not significant.
Discussion
The current study determined the impact of selected LAIR1 variants on malaria and SMA in Kenyan children residing in a holendemic P. falciparum transmission region. In addition, since malaria is a primary cause of childhood mortality in such areas [1, 32] , we also explored the relationship between LAIR1 polymorphic variation and all-cause mortality. Selection of the LAIR1 SNPs was driven by results from our 'pilot' global genomic studies showing a significant relationship between LAIR1 and susceptibility to SMA in a phenotypically distinct group of children with mild and severe forms of malarial anaemia. Exploration of the role of LAIR1 in malaria was also based on findings from the transcriptomics investigations in which LAIR1 expression was significantly lower in children with SMA compared to those with mild disease. To our knowledge, this is the first investigation exploring the relationship between host genetic variation in LAIR1 and disease outcomes in human malaria.
The strong selective pressure placed on the human genome from malaria has created an enrichment of genetic variation in the immune response genes of African populations [33, 34] . Consistent with this premise, the overall major and minor allele frequencies (p/q) at the 16,231 locus were C = 0.64 and A = 0.36 in our study population vs. C = 0.91 and A = 0.09 in ethnic groups classified as Northern and Western European ancestry (HapMap-CEU) from the international HapMap project [35] . This was also the case for the 18,835 locus in which G = 0.55 and A = 0.45 in Kenyan cohort, and G = 0.90 and A = 0.10 in the Northern and Western European ancestry population (HapMap-CEU) [36] .
To better understand the potential impact of LAIR1 variation on malaria disease outcomes, we performed cross-sectional (enrolment) and longitudinal (36-month follow-up) analyses. The cross-sectional investigation did not find any significant relationship between the genotypes/haplotypes and susceptibility to malaria. However, two genotypes and two haplotypes significantly altered SMA risk profiles. The 16,231 homozygous recessive genotype (AA) increased susceptibility to SMA, while the 18,835 heterozygous genotype (GA) conferred protection. After testing for multiple comparisons, only the AA finding remained significant. The relationships with SMA susceptibility are consistent with variant frequencies at the two loci for the non-SMA and SMA groups.
Since haplotypes can identify disease association patterns potentially not revealed by individual SNPs, we examined the impact of LAIR1 haplotypic combinations on malaria disease outcomes. Although none of the haplotypes significantly altered susceptibility to malaria at enrolment, two haplotypic constructs emerged as significant predictors for the cross-sectional risk of acquiring SMA. Carriage of the 16231C/ 18835G (CG) haplotype protected against SMA, while carriage of the 16231A/18835G (AG) haplotype increased vulnerability to SMA. However, only the AG findings remained significant after testing for multiple comparisons. The relationship between the AG haplotype and enhanced susceptibility to SMA was most pronounced in individuals who inherited 2 copies.
Results from the global transcriptomic experiments revealed that LAIR1 transcripts were significantly lower in children with SMA compared to those with mild disease (P = 0.004) in samples collected upon presentation at hospital, prior to any treatment interventions. These results were confirmed by qRT-PCR analyses in a subset of individuals with SMA (n = 51) and non-SMA (n = 71, P = 0.002). In addition, the relationship between down-regulated LAIR1 expression and enhanced anaemia is supported by the positive correlation between LAIR1 transcripts and Hb concentrations in both the transcriptomic (ρ = 0.561, P b 0.0001) and validation (ρ = 0.276, P = 0.002) experiments. LAIR1 expression was not measured serially due to IRB restrictions on multiple blood draws from the anaemic children. Since LAIR1 expression is important for preventing the overproduction of proinflammatory mediators [37] [38] [39] ., down-regulation of LAIR1 in children with SMA may contribute to enhanced disease severity. For example, we have shown that enhanced production of pro-inflammatory mediators is a significant predictor of SMA [9, 40, 41] . Consistent with reduced LAIR1 expression being associated with enhanced disease severity, previous investigations observed down-regulation of LAIR1 in severe cases of CLL and SLE [18, 19] .
To identify LAIR1 variants associated with functional changes in transcript expression, we performed qRT-PCR expression analyses in a subset of individuals in which peripheral white blood cells were available. Transcript levels were compared in groups stratified according to genotypes and haplotypes. LAIR1 genotypes associated with susceptibility to SMA (i.e., 16,231 AA genotype) had reduced transcript levels, whereas Data are presented as relative risk (RR) and 95% confidence intervals (CI) determined using loglinear regression with the following covariates in the models: age at enrolment, sex, HIV-1 and bacteraemia (presence/absence), sickle cell trait, and α-thalassaemia, and G6PD status. The reference groups in the regression analysis were non-carriers of the respective genotypes/ haplotypes. Carriage of the respective haplotypes included presence of 1 or 2 copies. * Represents haplotypes that displayed an additive effect on malaria (RR = 0.969, 95%CI: 0.939-1.001, P = 0.059) and SMA (RR = 1.283, 95%CI: 1.057-1.557, P = 0.011). Bold indicates a P value of ≤0.050. a Significant after Bonferroni correction for multiple comparisons.
those that protected against SMA (i.e., 18,835 GA genotype) had elevated transcript expression. Consistent with this trend, stratification of the haplotypes revealed that the 'susceptible' AG haplotype (2 copies) had reduced LAIR1 transcripts, while transcript expression increased in those who inherited the 'protective' CG haplotype (1 copy). These findings suggest that LAIR1 variants, which either enhance or reduce susceptibility to SMA, may do so through reduced and enhanced transcriptional regulation, respectively. However, since the underlying mechanism(s) by which the variants functionally alter LAIR1 expression remains undetermined, we are currently exploring this line of investigation. For example, the 16231CNA SNP in the 3'-UTR may serve as a target for microRNAs and thereby affect LAIR1 transcription/translation, whereas the 18835GNA SNP may act as an enhancer/silencer of LAIR1 transcription.
Since children in holoendemic transmission regions typically experience many repeated episodes of malaria prior to developing clinical immunity, cross-sectional genetic analyses may not capture the changing dynamics of the disease burden [42, 43] . To address this challenge, we performed longitudinal analyses to determine the influence of the LAIR1 variants on malaria and SMA episodes, and all-cause mortality. Increased susceptibility to malaria over the follow-up period was associated with inheritance of the 18,835 GA genotype, and all four LAIR1 haplotypes (CG, CA, AG, and AA). All of these relationship remained significant after correction for multiple comparisons. Although the reason for detecting a significant relationship between LAIR1 variants and susceptibility to malaria longitudinally, but not cross-sectionally is unknown, it is likely related to the fact that malaria is a dynamic process that changes across time. For example, in holoendemic transmission regions, an individual who presents with an acute infection (case) during a one-time sampling point may present as a non-infected (control) on other occasions, and vice versa. Longitudinal analyses have an enhanced power to discover the impact of genetic variation on polygenic infectious disease outcomes due to repeated measures within an individual. In addition, longitudinal analyses can more accurately catalogue the development of naturally-acquired immunity, a process that is difficult to capture with one-time measures, inherent in cross-sectional models. The fact that all four haplotypes showed an association with longitudinal malaria episodes implies that susceptibility over time is strongly influenced by multi-loci genetic variations.
Since the severe disease manifestation of malaria in holoendemic regions is SMA [4, 31] , we determined the impact of LAIR1 variation on longitudinal susceptibility to SMA. Consistent with the cross-sectional findings, biallelic carriage of the 16,231 AA genotype increased the risk of developing SMA. Although children who inherited the 18,835 GA genotype had cross-sectional protection against SMA, in the longitudinal analyses, there was a trend towards protection that marginally increased with added carriage of the minor A allele. Longitudinal analyses of SMA outcomes also revealed that carriage of the CA haplotype conferred a 25.8% reduced risk of developing SMA, a finding that parallels the cross-sectional results. This result reflects the combination of carriage of the major allele at 16,231 and minor allele at 18,835, both of which were associated with protection. Inheritance of the AG allele enhanced susceptibility to SMA in the cross-sectional investigations that was most pronounced in carriers with 2 copies. Although the longitudinal model comparing non-carriers with carriers of the AG haplotype failed to detect an increased risk of SMA, significance was observed in the additive model. Collectively, the longitudinal analyses show that inheritance of the CA haplotype confers protection against developing SMA, and that increased copies of the AG haplotype enhance the risk of acquiring SMA. This finding is consistent with the frequency of 1 copy of the "protective" CA haplotype in the overall population at 25.73%, in contrast to the 8-fold lower distribution of 2 copies of the "susceptible" AG haplotype at 3.17%. Thus, the substantially higher minor allele frequencies of the two SNPs in study population, compared to those of European ancestry, appears to offer combinatorial diversity of haplotypes which may favour selective pressure for mitigating the risk of SMA.
In malaria holoendemic regions of western Kenya, such as Siaya, childhood mortality can be as high as 16.7%, of which 48.2% can be attributed to malaria [44] . However, in our study cohort, the all-cause mortality rate was 5.51%. The lower rate of mortality can be attributed to implementation of triage case management, improved and more rapid laboratory diagnostics, antimicrobial susceptibility testing with the availability of 2nd line treatments, health education, and provision of bednets for study participants (and their families) during the study period. Since SMA is a leading cause of childhood mortality in the study population, we carried out longitudinal investigations to determine if LAIR1 genetic variants that predicted SMA also influenced childhood mortality. However, since the number of deaths in the overall cohort was low, and slightly over 50% of the children died at home, we did not have the statistical power to examine malaria-related deaths, and therefore, investigated all-cause mortality. Inheritance of the 16,231 AA genotype that enhanced susceptibility to SMA (both cross-sectionally and longitudinally) also increased the risk of allcause mortality by 40%. This finding, however, did not reach statistical significance. Inheritance of the 18,835 GA genotype that reduced susceptibility to SMA in the cross-sectional models, and trended towards reduced, but non-significant protection in the longitudinal analyses, reduced all-cause mortality by 44.8%. Carriage of the CA haplotype protected against SMA upon presentation at hospital and longitudinally, and also decreased the risk of mortality by 28.6%, albeit nonsignificantly. Childhood mortality was also influenced by carriage of the AG haplotype that increased the risk of all-cause mortality by 68%. This finding is consistent with the results showing that inheritance of the AG haplotype enhanced susceptibility to SMA in the crosssectional analyses, and in an additive longitudinal model. Although carriage of particular LAIR1 variants had a marked impact on mortality, the findings did not reach significance after testing for multiple comparisons, likely due to the reduced statistical power associated with the low mortality rate. Nonetheless, consistency amongst susceptibility to SMA and all-cause mortality points to the important impact of LAIR1 variation on disease outcomes.
To our knowledge, this is the first investigation exploring the role of LAIR1 variation in susceptibility to human malaria. However, the importance of this inhibitory receptor has been reported in relation to binding RIFINs, a family of clonally variant proteins derived from P. falciparum which are expressed on the surface of infected red blood cells [45] . Previous investigations in individuals from a malaria-endemic region identified unique antibodies that contained a mutated LAIR1 insert that bound to specific RIFINs, whereas binding of wild-type LAIR1 to RIFINs was absent [21, 22] . Although engagement of LAIR1 with RIFIN did not significantly enhance LAIR1 reporter cells, another inhibitory receptor in the LRC family, i.e., leukocyte immunoglobulin like receptor B1 (LILRB1), interacted with RIFINs and resulted in signalling inhibition of B-cells and an NK cell line [45] . It is postulated that binding of RIFINs to LAIR1 and LILRB1 have evolved as potential immune evasion strategies. Since LAIR1 and LILRB1 are both in the LRC region on chromosome 19, we examined linkage disequilibrium (SNP & Variation Suite 8.8.3 Software) using results from the pilot GWAS. The EM-D' and EM-r 2 values revealed very low LD between the regions, including the two LAIR1 SNPs investigated here. The strongest LD was observed between LAIR1 (kgp8992506) and LILRB1 (kgp21512897 -255 kb apart) with an r 2 value of 0.354.
Findings presented here demonstrate that LAIR1 variants at 16231 and 18,835, and their haplotypes, are associated with altered susceptibility to malaria, SMA, and all-cause mortality over a 36-month follow-up period. In addition, 'protective' LAIR1 variants were associated with elevated LAIR1 transcript expression, while variants that enhanced susceptibility to SMA had reduced mRNA levels. Based on the important role of LAIR1 in modulating downstream gene pathways known to be important in malaria pathogenesis, we performed as series of in vivo and in vitro experiments to better understand the potential role of LAIR1 in malaria pathogenesis. These investigations are presented in a companion manuscript presented in this issue of EbioMedicine. Findings from this series of experiments revealed that phagocytosis of malarial pigment (haemozoin, PfHz) down-regulates LAIR1 mRNA and protein, and blocks the inhibitory LAIR1 signal through phosphorylation of LAIR1 and SH2-domain containing phosphatase-1 (SHP-1). These molecular events increase NF-κB activation, resulting in enhanced production of IL-6, IL-1β, and TNF-α, inflammatory mediators that can enhance the pathogenesis of SMA. Thus, in addition to LAIR1 playing a role in malarial immunity through its interaction with RIFINs, an additional mechanism is the direct effect of malarial products (i.e., PfHz) on the LAIR1 signalling pathway. The findings presented here, along with the results presented in the companion article, illustrate that LAIR1 represents a novel gene pathway that is important for human malaria pathogenesis. Since severe malaria is holoendemic regions is often accompanied by co-infections, it will be important in future studies to determine the impact of LAIR1 variation on other clinical syndromes.
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